The charged domain walls in ferroelectric materials exhibit intriguing physical properties. We examine herein the charged-domain-wall structures in Ca3-xSrxTi2O7 using transmission electron microscopy.
Introduction
Ferroelectric materials undergo spontaneous electric polarization induced by the displacements of ions, which breaks the charge neutrality in a crystal. To minimize the electrostatic energy, these materials usually develop 90° or 180° ferroelectric domains, both of which can be free from the bound charge. However, some ferroelectric materials develop unusual parallel (head-to-head) and antiparallel (tail-to-tail) polarization alignments between the neighboring domains. In this type of ferroelectric configuration, the domain walls are subjected to bound charge. 1, 2) at an acceleration voltage of 300 kV. Double-biprism electron holography was used to remove the Fresnel fringes due to the biprism. 15) To enhance the signal-to-noise ratio, 120 phase images were averaged. Fig. 2(a) . Although the left domain is brighter than the right domain in Fig. 2(b) , the reverse is true in Fig. 2(c) . This contrast reversal may be reasonably understood on the basis of the breakdown of Friedel's law in ferroelectric crystals. 14) This image-contrast analysis enables us to determine the polarization direction 14) , with the results shown by the red arrows in Figs [and 2(c)], which is attributed to other ferroelectric domains that were superimposed in the image projection. We now discuss in greater detail the relationship between the ferroelectric domain walls and the APBs.
Results and discussion
Considering the CSTO crystal, we see that tilting and rotation of the oxygen octahedra result in improper To obtain further information on the microstructure observed along the [010] axis, we used HAADF-STEM. Note that similar irregular regions of perovskite blocks are observed in other Ruddlesden-Popper oxides, such as Sr2LnMn2O7 (Ln = Y, La, Eu, or Ho). 17, 18) These irregular regions of perovskite blocks with n = 3, 6, 11, and 12 are likely to be potential sites of 180° ferroelectric domain walls because the wall energy can be minimized at these imperfections. As indicated by the blue arrows in Fig. 1(b) , the net polarization in the perovskite blocks decreases with the increasing stacking number n because polarization is the sum of the antiparallel displacements of the Ca and Sr ions per unit volume.
Thus, an irregularity in stacking number reduces the ferroelectric order. Actually, a previous study reported that the n = 3 region coincides with a 180° ferroelectric domain wall 13) . Because regions with irregular n can be placed at random in the CSTO crystal, the 180° domains have a wide range of plate width, as shown in Fig. 4 . It is thus likely that the terminated CDWs [see blue arrowheads in Fig. 4(a) ] may also be understood in terms of the instability of the ferroelectric state in the irregular perovskite blocks.
Electron holography provides another key to better understand the features caused by the irregular stacking number n in CSTO crystal. Electron holography determines the phase shift of electrons that traverse a thin-foil specimen with a mean inner potential 0 . 19) The value of 0 depends on the elements and atomic density in the specimen. Assuming electric charging 20) of the foil due to the electron exposure can be ignored, the phase shift is proportional to 0 multiplied by the specimen thickness t, as expressed in the following equation:
where the incident electron is parallel to z axis of an x-y-z coordinate system. The parameter = 0.006526 V −1 nm −1 is the interaction constant for an acceleration voltage of 300 kV. To explain the results shown in Fig. 5 , V0 is assumed to be constant along the z axis and variable in the x-y plane.
Figures 6(a) and 6(b) show a TEM image and a reconstructed phase image acquired from the same area as that of Fig. 5(a) . Figure 6c plots the phase shift along the line X1-X2 in Fig. 6(b) . Because of the limited distance in the thin-foil specimen, the thickness t can be approximated to be constant over the line X1-X2. Although the phase shift remains almost constant over the region with regular stacking number n = 2 (i.e.,  2.56 rad relative to the phase in the reference electron wave), the phase shift changes at the positions indicated by the arrowheads.
The magnitude of the additional phase shift is 0.25 rad at the red arrowhead [corresponding to the area shown in Fig. 5(d) ], and 0.065 rad at the blue arrowhead [corresponding to the area shown in Fig. 5(c) ]. Note that the additional phase shift (0.25 rad and 0.065 rad) does not change appreciably upon tilting the specimen about the x axis from -3° to +9° with respect to the y axis. Thus, diffraction appears to have little effect on the additional phase shift.
To explain the results for the additional phase shift, we calculate the mean inner potential V0, which depends on the irregularity of the stacking number n [i.e., volume fraction of the rock-salt blocks in the extended unit cells], as demonstrated later. The mean inner potential can be approximated by
where ℎ is Plank's constant, 0 is the nonrelativistic electron mass, is the elementary charge, is the unit-cell We briefly discuss the relation between the ferroelectric domain walls and the amount of Sr substitution. As indicated herein, an increase in the Sr substitution should increase the density of the irregular stacking regions composed of the Sr-occupied perovskite blocks. These irregular regions provide preferential sites for the 180° ferroelectric domain walls (Fig. 4) . The plate width of the ferroelectric domains is not constant but different by positions because of this relationship. However, our electron microscopy study found another type of irregular regions that were free from the ferroelectric domain walls. The presence of the latter type appeared to result from the excess amount of Sr ions for the formation of the ferroelectric domain walls.
Summary
The . The electric polarization P is indicated by red arrows in each domain. The squares represent the unit cell of each structure. 
